Real time changes of the GaAs band structure were determined using time-resolved photoluminescence ͑PL͒ spectroscopy, with nanosecond resolution, in single-event continuous compression experiments. Continuous compression to 5 GPa over 150 ns was achieved by impacting fused silica buffers preceding the GaAs crystals. PL spectra and compression wave profiles were measured simultaneously for uniaxial strain compression along the ͓100͔ orientation. Below 3 GPa, PL peaks from Te donors and Zn acceptors showed a blueshift upon compression, consistent with a widening of the band gap. At 3 GPa, the PL intensity decreased abruptly, due to a direct-to-indirect transition.
GaAs and its alloys are among the main semiconductors used in optoelectronic applications. Device modeling requires knowledge of electronic structure changes due to inherent strains at the various material interfaces. 1 Strain effects in GaAs have been studied extensively using hydrostatic pressure 2, 3 and uniaxial stress. 4, 5 Deformation potentials ͑DPs͒, however, are still among the least accurate band structure parameters 6 due to limitations of these two compression methods.
Recently, it was demonstrated that the accuracy of DPs in GaN ͑Ref. 7͒ and GaP ͑Ref. 8͒ was improved significantly by using shock compression data. In these experiments, band-gap shifts were measured by applying discrete uniaxial strains along different crystallographic orientations. In GaAs, band-gap shifts undergo abrupt changes due to the direct-toindirect transition, which affects interpretation of the extracted DPs. 9 In order to detect these abrupt changes accurately, continuous compression is required. In the present work, conditions of continuously increasing uniaxial strain ͑longitudinal stress͒ were produced along the ͓100͔ orientation of GaAs using ϳ150 ns ramp compression. Simultaneous measurements of compression wave profiles and PL spectra allowed us to determine the band-gap shift versus stress in real time.
The experimental configuration is shown schematically in Fig. 1 . A ͓100͔ GaAs sample ͑400 m thickness͒ was sandwiched between a fused silica buffer and a c-axis sapphire window using springs. The target was mechanically attached to an aluminum holder and cooled by liquid nitrogen. Spring loading instead of a common epoxy bonding was used to prevent sample cracking at low temperatures due to thermal expansion coefficient differences between GaAs and window materials. As a result, small ͑micrometer͒ vacuum gaps were present at the sample interfaces. 6061-T6 Al impactors, accelerated to 465 m/s, impacted the front surface of the fused silica resulting in an input shock wave. During propagation across the 6 mm thick buffer, the shock front evolved into a continuous ramp due to the negative curvature in the stress-density response of fused silica. 10 The ramp shape was modified somewhat by interactions with GaAs, vacuum gaps and c-axis sapphire. Exact wave profiles at the probed sample surface near the GaAs-sapphire interface were measured using the velocity interferometer system for any reflector ͑VISAR͒, 11,12 a well established laser interferometry method that utilized a continuous 532 nm laser beam to determine particle velocity histories.
Changes in the band structure of GaAs during ramp compression were observed by monitoring the PL of Te donor and Zn acceptor related peaks. During the interaction of the ramp wave with the probed surface, the center of the sample surface was excited continuously by a 2 s width pulse from a 514.5 nm dye laser. The emitted PL was focused into an optical fiber and transmitted to the detection system, which consisted of a spectrometer, a streak camera and a charge-coupled device ͑CCD͒ detector. 13 As shown by the inset in Fig. 1 , PL and VISAR fibers were placed in the same dual fiber tip to assure collection of both signals from the same region on the sample surface.
Data recorded in a single experiment consisted of three dimensional intensity-wavelength-time plots. Figure 2 shows typical PL data ͑smoothed using a fast Fourier transform filter͒ collected from ͓100͔ GaAs:Zn. Several orders of magnitude stronger PL efficiency at liquid-nitrogen temperatures provided the necessary signal to noise ratio for single event measurements. Prior to compression, the PL spectrum showed a peak at 820 nm. This peak corresponds to the a͒ Electronic mail: pgrivickas@wsu.edu. Zn-related PL that is commonly observed at ambient pressure and liquid-nitrogen temperatures.
14 Arrival of the compression wave closed the small vacuum gap between the sample and the c-axis sapphire window ͑see Fig. 1͒ , bringing the probed surface to a particular longitudinal stress. This increase in stress caused the PL peak to shift to 780 nm. After this shift, the stress increased continuously, resulting in the PL peak shifting continuously to lower wavelengths. Finally, the peak exhibited an abrupt loss in intensity.
To correlate the PL changes with the compression wave profile, we compared the integrated PL intensity to the simultaneously measured particle velocity data ͑Fig. 3͒. The top part of the figure shows the intensity curve integrated over the 790-860 nm spectral range to illustrate the temporal behavior of the ambient PL peak at 820 nm. At 0 ns, the front of the compression wave reached the probed GaAs surface and initiated its acceleration toward the sapphire. At this point only a slight decrease in intensity was observed as the unstressed GaAs surface starts to move. At 18 ns, the vacuum gap between the two materials was closed, merging the GaAs-vacuum and vacuum-sapphire interfaces into a single GaAs-sapphire interface, and resulting in the onset of stress increase. The loss of one interface caused an abrupt increase in PL intensity due to gap closure. The PL increase was instantaneously followed by a decrease, due to the PL peak shift toward a lower wavelength.
The changes described in the PL ambient intensity were modeled using the stepwise profile shown by the line in Fig.  3 . The time step of the modeling profile was equal to the time constant of a single CCD pixel. To compare the model with the experimental results, the profile was convoluted with a temporal resolution function describing the PL system. The resolution function ͑peak shaped curve at the bottom of Fig. 3͒ was obtained by operating the streak camera in the focus mode. For calculation purposes the function was approximated with a Gaussian fit. The simulated intensity ͑smooth curve͒ showed good agreement with the measured intensity.
Particle velocity history measured at the GaAs probed surfaces is shown by the curve on the top of Fig. 3 . The beginning of the laser interferometry signal showed interference fringes due to surface motion resulting in the closing vacuum gap. The beginning ͑0 ns͒ and end ͑18 ns͒ of the interference was aligned with the discrete changes in the modeled profile, providing time correlation of the PL and interferometry signals. The three fringes observed in the interferometry signal indicated a 0.8 m vacuum gap present in the experiment. A similar gap size was estimated from closure time and particle velocity recorded immediately after impact of the two surfaces.
The PL intensity was then integrated in the 700-790 nm spectral range and plotted on the calibrated time scale, shown by the curve at the bottom of Fig. 3 . As the PL peak shifted from 820 to 780 nm, the integrated intensity increased abruptly at 18 ns. Subsequently, the PL intensity decreased steadily with increasing particle velocity and disappeared abruptly at 122 ns. The integrated intensity profile during continuous compression of GaAs was modeled using the method described for ambient PL and is shown by the smooth curve in the bottom part of Fig. 3 . Figure 4͑a͒ shows the modeled PL intensity of GaAs:Zn plotted versus the applied longitudinal stress ͑circle symbols͒. Longitudinal stress was calculated from the particle velocity using the known dynamic loading response of the c-axis sapphire window. 15 An abrupt loss of intensity occurred at ϳ3 GPa, well below the maximum 5 GPa longitudinal stress achieved in our continuous-compression experiments. The same abrupt intensity decrease was also detected for Te donor related peaks ͑square symbols͒. The intensity loss is a characteristic feature of the ⌫-X crossover in GaAs, where photogenerated electrons are quickly transferred from the direct to the indirect conduction-band minimum.
9 Figure 4͑b͒ shows the continuous blueshift of Zn and Te related PL peaks measured in ramp-compression experiments. At low longitudinal stresses, both impurities showed a similar shift upon compression, consistent with a widening of the GaAs band gap. 3 At high strains, the shift of the Te peak was slower than the shift of the Zn peak. Similar separation between Te and Zn peaks was detected under hydrostatic pressure and attributed to the different Fermi level positions for acceptors and donors near the direct-to-indirect transition. 9 Modeling of these effects under uniaxial strain requires the knowledge of accurate transition points. These points, detected from the integrated PL intensity, are shown as dashed lines in Fig. 4 .
In conclusion, we have obtained real-time PL spectra of doped GaAs crystals in single-event continuous-compression experiments. These measurements have allowed us to obtain simultaneously the band gap related shift and the precise direct-to-indirect transition point in ͓100͔ oriented GaAs. Our experimental approach provides a method to determine the electronic structure of GaAs under high uniaxial strains. 
